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A quantum Monte Carlo study on electron
correlation in all-metal aromatic clusters MAl4

(M = Li, Na, K, Rb, Cu, Ag and Au)
Bra´ulio Gabriel A. Brito,a G.-Q. Hai,ab J. N. Teixeira Rabeloc and Ladir Caˆndido*c
Using fixed-node diﬀusion quantum Monte Carlo (FN-DMC) simulation we investigate the electron
correlation in all-metal aromatic clusters MAl4
 (with M = Li, Na, K, Rb, Cu, Ag and Au). The electron
detachment energies and electron aﬃnities of the clusters are obtained. The vertical electron
detachment energies obtained from the FN-DMC calculations are in very good agreement with the
available experimental results. Calculations are also performed within the Hartree–Fock approximation,
density-functional theory (DFT), and the couple-cluster (CCSD(T)) method. From the obtained results,
we analyse the impact of the electron correlation effects in these bimetallic clusters and find that the
correlation of the valence electrons contributes significantly to the detachment energies and electron
affinities, varying between 20% and 50% of their total values. Furthermore, we discuss the electron
correlation effects on the stability of the clusters as well as the accuracy of the DFT and CCSD(T)
calculations in the present systems.
1 Introduction
Since Li et al.1 have shown that the bimetallic clusters MAl4
 (M =
Li, Na and Cu) have aromatic properties, this phenomenon has
been investigated with a continuously growing interest because it
represents a breakthrough in the field of aromaticity.2 These clusters
have an aluminum based planar unity Al4
2, with two delocalized p
electrons obeying the (4n + 2) electron counting rule of aromaticity.
Later, Kuznetsov et al.3 reported that the Al4Li4 cluster has a
p-electron bonding pattern and a rectangular aluminum based
unity Al4
4 which are characteristics of antiaromaticity just like
in the organic cyclobutadiene molecule. Further progress in this
area involves theoretical and experimental studies of all-metal
clusters with several chemical compositions.4–13
The most commonly used theoretical method to deal with
metal clusters is the single-particle density functional theory
(DFT). It is well known that, due to approximate exchange–
correlation (XC) energy, DFT usually cannot predict results
within the chemical accuracy. On the other hand, full configu-
ration interaction (FCI) and coupled cluster (CC) methods can
provide the desired accuracy but they are severely limited by the
system size due to the needs of computational effort which
scales as factorial N! for FCI and N5 to N7 for CC, where N =
number of electrons. Quantum Monte Carlo (QMC) solves the
many-body Schro¨dinger equation stochastically, the cost scales
as N2 to N3 depending on the quantities of interest,14 providing
quantitative accuracy with a better computational cost-benefit.
Different from typical quantum chemistry methods, in principle
QMC does not have the basis set dependence but requires high
accuracy for the numerical orbitals that define the nodal structure.
For the electronic energy QMC can obtain about 90% of the
correlation energy within the fixed-node approximation in a
single determinant picture. By using multideterminant and
backflow wave functions it has been reported that one can,
for some particular systems, recover nearly 100% of the correlation
energy.15 Therefore, the QMC results provide a useful benchmark
for the other methods.
Although much theoretical study on all-metal aromatic
clusters has been done for the ground-state geometry, spin
multiplicity, binding energies and so on, less attention has
been paid to the electron correlation eﬀects on the ground-state
structure and stability of such clusters. In this work, we apply
QMC to a quantitative study of all-metal aromatic clusters in
their neutral and negatively charged states MAl4
0 and MAl4

(M = Li, Na, K, Rb, Cu, Ag and Au), respectively. Fixed-node
diﬀusionMonte Carlo (FN-DMC) provides an accurate evaluation
of the ground-state energy which enables us to analyse the
correlation contribution to the electron binding energy, electron
aﬃnity, adiabatic and vertical detachment energy.
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2 Numerical approach and
computational details
The QMC simulations are carried out using the fixed node
diﬀusion Monte Carlo (FN-DMC) method16,17 with the widely
used CASINO code.18 The antisymmetric fermionic nodes are
determined by the Slater–Jastrow trial wave functions of the type
CT = D
mDke J, (1)
where Dm and Dk are Slater determinants of up- and down-spin
single-electron orbitals, and eJ is the so-called Jastrow factor,
describing the correlation between the electrons. The single-
particle orbitals used to construct the Slater determinant are
extracted from a DFT single point generalized-gradient approxi-
mation (GGA).19 Some tests have been done using diﬀerent
orbitals from DFT and Hartree–Fock (HF). It shows that the trial
wavefunctions from the DFT orbitals yield lower energies in
FN-DMC calculations than those from HF. The core electrons
are modelled by an effective core potential, i.e., the Dirac–Fock
average relativistic effective potential (AREP).20 The outer electrons,
1 electron for an alkaline atom, 11 for a copper-group atom, and
3 for an aluminum atom, are taken as valence electrons.
Core polarization corrections21 for all studied clusters, except
those with silver and gold atoms, have been incorporated into
the pseudopotential (or effective core potential) through
the pseudopotential formalism21–24 to account for core-valence
correlation, so that our calculations go beyond the frozen-core
approximation. The Jastrow factor used (with its variational
parameters it takes into account the electron–electron and
electron–core terms, except for the CuAl4 cluster in which the
electron–core–electron term was incorporated) was that developed
by Drummond–Towler–Needs as implemented in the CASINO
code.25 Optimization of the variational parameters is performed
using the method of energy variance minimization.26,27 We have
also used Casino to perform a VMC (variational Monte Carlo)
calculation omitting the Jastrow factor in eqn (1) in order to
evaluate the Hartree–Fock energy. To reach reasonable HF
converged results, we have accumulated numerical results over
5  108 steps. The FN-DMC timestep is 0.001 a.u. which
produces a high acceptance ratio, i.e., for clusters of the
alkaline group it is more than 99.999% whereas for the copper
group it is 99.98%. We have also checked for a few clusters the
time-step dependence of the total energy, which is found small
enough to be negligible within the error bars. An ensemble of
10 000 walkers is used (checks with up to 50 000 walkers do not
change the results within the statistical errors), and for the
averages we have considered about 100 000 QMC steps for the
clusters with alkaline dopant atoms, and about two times more
the number of steps for the clusters with the copper-group
dopant. Our CCSD(T) and single point PBE-GGA19 DFT calcula-
tions for the lowest-lying structures were performed using the
Gaussian09 code28 with valence triple-z plus double polar plus
diffuse functions on all atoms (6-311++G(2d,2p)) atomic-orbital
basis set for the aluminum atoms, valence quadruple-z plus
polarization plus a diffuse (Def2-QZVP) basis set for the
alkaline atoms and double-z plus polarization on all atoms
(Aug-cc-PVDZ-pp) basis set for atoms of the copper-group.29,30
The initial geometries of the anionic clusters MAl4
, which
consist of a M+ cation coordinated to a square planar Al4
2
unity, are taken from previous theoretical work.1 Then these
geometries are fully relaxed using DFT PBE-GGA as implemented
in the Gaussian09 package.28 For the neutral clusters, we consider
initially the geometries of the corresponding anionic systems. A
neutral cluster geometry is obtained by removing one electron
from the corresponding anionic cluster and relaxing the structure
Fig. 1 Optimized structures of the neutral MAl4
0 (left column) and anionic
MAl4
 (right column) bimetallic clusters with M = Li, Na, K, Rb, Cu, Ag and
Au. The bond lengths are in Å.
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fully. The optimized low-lying structures for neutral and anionic
clusters are shown in Fig. 1.
3 Results and discussion
Table 1 shows the HF, FN-DMC and DFT/PBE total energies (in
a.u.) of the neutral (MAl4
0) and anionic (MAl4
) bimetallic
clusters at relaxed structures, as shown in Fig. 1, and other
two unrelaxed clusters MAl4
0,and MAl4
2,. These unrelaxed
clusters, one is neutral and the other is dianionic, are obtained
from the geometry of the relaxed anionic cluster MAl4
 by
removing and adding one electron, respectively. We consider
these two clusters (configurations) because they are useful to
obtain the electron aﬃnity and detachment energy. For a
comparison, we have also performed calculations within the
CCSD(T) approximation for the alkali atom doped clusters with
M = Li, Na, K and Rb. The results obtained from diﬀerent
calculations demonstrate the same trend of an overall increase
of total energies upon increasing the dopant atom nuclear
charge for both the alkali and coinage metal atom doped
aluminum clusters. Furthermore, for a fixed nuclear charge,
addition or removal of an electron from the MAl4
 clusters
causes geometric distortion and destabilization. As one can see
in Fig. 1, a considerable diﬀerence in the bond lengths of the
neutral cluster from the anionic one is induced by removing one
electron from the anionic cluster. On the other hand, addition of
one electron to the anionic cluster (the MAl4
2, cluster as shown
in Table 1) increases the total energy because the contribution of
the (virtual) orbital of the added electron is positive.
Table 1 also presents estimated quantities that can be
experimentally measured such as the electron aﬃnity (EA) of
Table 1 The HF, FN-DMC, DFT/PBE and CCSD(T) total energies (in a.u.) for the relaxed clusters MAl4
0 and MAl4
 (with M = Li, Na, K, Rb, Cu, Ag and Au),
and for the unrelaxed neutral MAl4
0, and dianionic MAl4
2, clusters. The EA, ADE and VDE are also given (in eV) with available experimental and
theoretical (OVGF: outer-valence green’s function method) results from ref. 1. The digits in parentheses are estimated statistical error in the last decimal
place
Method M
Relaxed structure Unrelaxed structure
EA (eV) ADE (eV) VDE (eV)MAl4
0 MAl4
 MAl4
0, MAl4
2,
HF —
Li 7.9209(2) 7.9573(2) 7.9130(2) 7.8877(2) 1.894(8) 0.990(8) 1.205(8)
Na 7.9055(2) 7.9397(2) 7.8999(2) 7.8725(2) 1.829(8) 0.931(8) 1.083(8)
K 7.8889(2) 7.9229(2) 7.8851(2) 7.8498(2) 1.989(8) 0.925(8) 1.029(8)
Rb 7.8714(2) 7.9066(2) 7.8719(2) 7.8395(2) 1.826(8) 0.958(8) 0.944(8)
Cu 57.6161(5) 57.6677(4) 57.6122(5) 57.5527(4) 3.13(2) 1.40(2) 1.51(2)
Ag 44.9861(5) 45.0291(5) 44.9855(5) 44.9270(5) 2.78(2) 1.17(2) 1.19(2)
Au 40.8220(6) 40.8668(6) 40.8206(5) 40.7620(6) 2.85(2) 1.22(2) 1.26(2)
FN-DMC —
Li 8.3194(5) 8.3959(5) 8.3166(4) 8.3569(5) 1.06(2) 2.08(2) 2.16(2)
Na 8.3021(4) 8.3738(5) 8.2987(5) 8.3379(5) 0.98(2) 1.95(2) 2.04(2)
K 8.2818(4) 8.3514(4) 8.2816(5) 8.2947(8) 1.54(2) 1.89(2) 1.90(2)
Rb 8.2682(4) 8.3377(5) 8.2683(4) 8.2923(5) 1.24(2) 1.88(2) 1.89(2)
Cu 59.2322(7) 59.3128(7) 59.2228(7) 59.2311(13) 2.22(4) 2.19(3) 2.45(3)
Ag 46.2095(6) 46.2811(7) 46.2018(6) 46.2126(11) 1.86(4) 1.95(3) 2.16(3)
Au 42.2462(8) 42.3245(8) 42.2469(6) 42.2535(10) 1.93(3) 2.13(3) 2.11(3)
DFT/PBE —
Li 8.2476 8.3183 8.2443 8.2538 1.755 1.924 2.014
Na 8.2267 8.2932 8.2241 8.2339 1.614 1.810 1.880
K 8.1969 8.2556 8.1925 8.2068 1.328 1.597 1.717
Rb 7.9923 8.0596 7.9911 8.0064 1.448 1.831 1.864
Cu 60.0502 60.1289 60.0488 60.0392 2.441 2.142 2.180
Ag 46.9126 46.9889 46.9123 46.9048 2.288 2.079 2.084
Au 42.5682 42.6445 42.5680 42.5608 2.278 2.076 2.082
CCSD(T) —
Li 8.2110 8.2868 8.2063 8.2131 2.005 2.063 2.191
Na 8.1892 8.2599 8.1850 8.1963 1.731 1.924 2.038
K 8.1591 8.2208 8.1534 8.1572 1.731 1.679 1.834
Rb 7.9255 7.9919 7.9186 7.9335 1.589 1.807 1.995
OVGF —
Li 2.09
Na 1.92
Cu 2.32
Expt. —
Li 2.15(6)
Na 2.04(5)
Cu 2.32(6)
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the MAl4
 cluster defined as the energy diﬀerence between the
anionic cluster MAl4
 and the unrelaxed dianionic cluster
MAl4
2,, the electron adiabatic detachment energy (ADE) given
by the energy diﬀerence between the anionic cluster MAl4
 and
the ground state of the neutral cluster MAl4
0, and the vertical
electron detachment energy (VDE) calculated as the energy
diﬀerence between the anionic cluster and the unrelaxed
neutral cluster MAl4
0,. The VDE should always be larger than
ADE. In some cases, e.g., the KAl4
, RbAl4
, and AuAl4

clusters, the VDE and ADE have practically the same values
within the error bar as can be seen from their FN-DMC results
in Table 1. This is because the total energies of the corres-
ponding clusters MAl4
0 and MAl4
0, are very close to each other.
In order to validate the FN-DMC accuracy, we compare our
results with available experimental ones of the vertical detach-
ment energy (VDE) of the LiAl4
, NaAl4
, and CuAl4
 clusters
obtained from photo-electron spectroscopy measurements.1 As
one can see, the FN-DMC results match very well with the
experimental data. For LiAl4
 and NaAl4
 clusters, the agree-
ment is almost perfect. For the CuAl4
 cluster, if we compare
the results without considering errors, the diﬀerence in the
theoretical and experimental results is less than 6%. However,
if we consider the errors, (i.e., 2.45  0.03 eV of the FN-DMC
VDE against the experimental result 2.32  0.06 eV), the upper
bound of experimental VDE is 2.38 eV and the lower bound of
the FN-DMC value is 2.42 eV. Their diﬀerence is 0.04 eV, i.e.,
less than 2% of the VDE value. The above comparison indicates
clearly that our FN-DMC calculations are in excellent agreement
with the experimental results. It is expected, therefore, that
FN-DMC binding energies reported here are accurate and can
be used to assess the accuracy of other theoretical approaches.
Table 2 shows the electron adiabatic detachment energies
(ADE) computed with diﬀerent basis sets within the CCSD(T)
method. Results are presented for diﬀerent basis sets in the
order of increasing quality. The obtained results converge
relatively well and a complete agreement with the FN-DMC
results is expected at the complete basis set limit (CBS). All the
results presented in Table 1 for DFT and CCSD(T) are obtained
using the converged basis set from the study made for ADE.
Specifically, we have used the 6-311+G(3df) basis set for the
alkaline clusters LiAl4, NaAl4 and KAl4, whereas the def2-SVPD
basis set was used for RbAl4. The CCSD(T) calculations for the
coinage-metal doped clusters are very expensive due to the large
number of electrons. For this reason, we do not include the
CCSD(T) calculations for these clusters to compare with the FN-DMC
results. In order to better visualize our calculation results, we
show as an example in Fig. 2 the vertical detachment energy
(VDE, given in the last column in Table 1) in terms of the type of
dopant atoms in the clusters. It is seen that the diﬀerences
between the HF results and those of the FN-DMC, DFT/PBE, and
CCSD(T) calculations are in the order of 1 eV. These diﬀerences
are responsible for the valence electron correlation eﬀects.
Furthermore, the diﬀerences among the FN-DMC, DFT, and
CCSD(T) results are about one order of magnitude smaller, i.e.,
in the order of 101 eV. Such a diﬀerence is due to the theoretical
approximations used in diﬀerent methods. Because the error
from the quantumMonte Carlo calculation is much smaller than
0.1 eV, we can conclude that the accuracy of both the DFT/PBE
and CCSD(T) calculations is in the order of 101 eV for the
bimetallic clusters under study. This is consistent with our
previous study on small aluminum clusters.31
Once the correlation energy is defined as the diﬀerence
between the exact ground-state energy (approximately given
by the FN-DMC result) and the HF energy, we can estimate
the impact of the electron correlation on the electron aﬃnity
and detachment energy in these bimetallic aromatic clusters.
According to the FN-DMC and HF results given in Table 1, the
electron correlation has a considerable impact over all these
quantities varying from about 20% up to 50% of their total
values. Fig. 3 shows the contribution of the valence electron
correlation Dx, with x being EA, ADE and VDE, in terms of the
type of dopant atoms in the clusters. For electron aﬃnity (the
top panel), DEA is about 0.8–0.9 eV except for K and Rb doped
Table 2 Dependence of the ADE on the basis set in the CCSD(T)
calculation for MAl4
 clusters (with M = Li, Na, K and Rb) and compared
with the DMC results
Basis set Li Na K Rb
6-31+G(d) 1.8687
6-311+G(d) 1.8912
6-311+G(2d) 1.9973
6-311+G(3d) 2.0272 1.883 1.644
6-311+G(3df) 2.0626 1.924 1.679
6-311+G(3d2f ) 1.929 1.693
Def2-QZVP 1.701
Def2-SVP 1.758
Def2-SVPD 1.807
Def2-SVP2D 1.823
Def2-SVP3D 1.826
—
—
—
CBS(FN-DMC) 2.08(2) 1.95(2) 1.89(2) 1.88(2)
Fig. 2 The vertical detachment energy (VDE) of the bimetallic clusters
MAl4
 for M = Li, Na, K, Rb, Cu, Ag and Au. The theoretical results are
indicated by the blue open-circles (HF), the red solid-circles (FN-DMC),
the triangles (DFT/PBE), and squares (CCSD(T)); the experimental data are
indicated by the green diamonds.
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clusters which have lower values. For ADE (the middle panel),
we observe that for the alkali-metal doped clusters DADE
decreases from about 1.1 to 0.9 eV with increasing atomic
number, whereas for the coinage-metal doped clusters it is
between 0.75 and 0.9 eV. In the bottom panel for the VDE, we
see that the correlation energy contribution DVDE is varying
between 0.85 and 0.95 eV.
Table 3 presents the correlation energy per valence electron
ec for the MAl4
0 and MAl4
 clusters within the FN-DMC calcula-
tion. Here, ec is obtained by the diﬀerence between the FN-DMC
and HF energies and divided by the number of the valence
electrons. It can be seen that the correlation energy per electron
in the neutral and anionic clusters is practically the same,
independent of whether the cluster is neutral or charged. The
correlation energy per valence electron for the M+ cations and
the Al4
2 unit is also given in the table. For the Al based unity
Al4
2 with 14 valence electrons, ec is about 0.84 eV. When it is
doped with an alkali cation forming a MAl4
 cluster (M = Li, Na,
K, and Rb), ec changes about 1% or less. If we further remove
one electron from the anionic cluster, it becomes neutral but ec
decreases only 1 or 2%. This is because the local structure of
the Al4
2 unit remains almost unchanged after doping. It also
indicates that such clusters are rather insensitive to the nuclear
charge of the dopant. We further notice a detail that for the
anionic cluster (with one electron more than the corresponding
neutral one), ec is still slightly larger (more negative) indicating
that the correlation has a larger impact in anionic clusters.
On the other hand, the coinage-metal doped clusters show
that the doping leads to a decrease of ec from 0.84 eV to about
1.9, 1.4, and 1.7 eV for Cu, Ag, and Au, respectively. This is
mostly because the correlation energies in the dopant atoms
are much larger. If we take an average of the correlation energies
of the valence electrons of the coinage cation (10 electrons from the
M cation) and the Al4
2 unit (14 from the Al4
2 unit), we obtain the
average values 1.84, 1.31, and 1.54 eV for Cu+ + Al42, Ag+ +
Al4
2, and Au+ + Al4
2, respectively. The diﬀerences in the ec of the
MAl4
 anions (1,87,1.42, and1.54 eV for M = Cu, Ag, and Au,
respectively) are 1.6%, 7.7%, and 6.6%, respectively. It indicates
that in the CuAl4
 cluster the electron distribution and electronic
correlation are very close to those in its original Cu cation and Al4
2
unit. However, the electron distributions in AgAl4
 and AuAl4

clusters should be significantly diﬀerent from those in their
original cations and the Al4
2 unit. Furthermore, upon removing
one electron from the anionic clusters in this case the correlation
energy increases about 2% (more negative than that in the corres-
ponding neutral cluster). This is just opposite to the alkali atom
doped clusters where the correlation energy decreases.
Furthermore, we analyse the eﬀects of electron correlation
on some quantities that allow inferring the thermodynamic
stability. Table 4 shows the chemical potential (m), chemical
hardness (Z), and eletrophilicity (o) for the MAl4
 clusters. For
an n-electron system, m and Z are defined as m = [qE/qn]v(r) and
Z = 12[q
2E/qn2], respectively, where E is the energy and v(r) the
external potential. The eletrophilicity is given by o = m2/2Z. Such
quantities in a finite-diﬀerence approximation are given in
terms of the ionization potential (IP) and electron aﬃnity
(EA) by m = (IP + EA)/2 and Z = (IP  EA)/2, respectively. And
the IP and EA can be obtained by IP = E(n  1)  E(n) and EA =
E(n)  E(n + 1), with n being the number of valence electrons in
the system. Note that IPRVDE for the case of MAl4
. A direct
comparison between the HF and FN-DMC results shows that
the electron correlation energy enhances the hardness for all
studied systems, the alkaline group being slightly more sensi-
tive to this eﬀect. The correlation energy also changes the sign
of the chemical potential. One can understand easily the sign
change of the chemical potential by looking at E vs. n curve with
Fig. 3 Contribution of the valence electron correlation to EA, ADE and
VDE of the bimetallic MAl4
 clusters with M = Li, Na, K, Rb, Cu, Ag and Au.
Table 3 The correlation energy per valence electron ec (in eV) for the
cations M+ (M = Li, Na, K, Rb, Cu, Ag and Cu), Al4
2 unity, MAl4
0 and MAl4

clusters. The digits in parentheses are estimated statistical error in the last
decimal place
M
M atom
Al4
2unit
MAl4 cluster
Cation Neutral Anion
— 0.84(2)
Li — 0.83(1) 0.85(1)
Na — 0.83(1) 0.84(1)
K — 0.82(1) 0.83(1)
Rb — 0.83(1) 0.84(1)
Cu 3.23(6) 1.91(2) 1.87(2)
Ag 1.97(2) 1.44(2) 1.42(2)
Au 2.53(2) 1.68(3) 1.65(3)
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m being simply the slope of this curve at a given point. The sign
change of the chemical potential is just because the correlation
energy lowers the total energy of MAl4
2, cluster more than
that of MAl4
0,. According to the maximum hardness and
minimum eletrophilicity principles, the most stable system is
the one with the largest hardness and with the smallest
electrophilicity. Thus, from Table 4, we obtain the following
order CuAl4
4 AgAl4
E AuAl4
4 LiAl4
4 KAl4
4NaAl4
4
RbAl4
 for the HF case. Therefore, within the HF approximation,
the stability of the MAl4
 clusters decreases roughly with the ionic
radius of the dopant atoms. The CuAl4
 cluster is the most stable
whereas the RbAl4
 is the most unstable. The exception is the
cluster with a K dopant atom which is more stable than that with
a Na dopant. From the FN-DMC results with electron correlation,
the order is observed to change to CuAl4
4 AuAl4
E AgAl4
4
KAl4
 4 LiAl4
 4 RbAl4
 4 NaAl4
. The electron correlation
from the FN-DMC calculation alters the order of stability mainly
for the alkaline-group, i.e., the KAl4
 cluster is the most stable for
this group whereas the NaAl4
 is the most unstable. Such results
are curious since the smallest correlation contribution to EA and
VDE just happens for the KAl4
 cluster. All these results support
our argument that the electron correlation deserves a careful
treatment once its impact on the system stabilization is quite
relevant.
4 Conclusions
We have carried out FN-DMC calculations for all-metal aromatic
MAl4
 clusters (for M = Li, Na, K, Rb, Cu, Ag and Au) and
evaluated their binding energies (VDE and ADE) and electron
aﬃnities (EA). For a comparison, we have also performed calcula-
tions within the HF, DFT/PBE, and CCSD(T) approximations. The
FN-DMC results are in very good agreement with the available
experimental VDE data for LiAl4
, NaAl4
, and CuAl4
 clusters.
Based on the FN-DMC and HF results, we have discussed the
impact of the electron correlation on the detachment energy and
electron aﬃnity of the bimetallic MAl4
 clusters. We found that
the correlation eﬀects of the valence electrons are of significant
contributions to these experimentally measurable quantities of
the clusters, varying from 20% to 50% of their total values.
Furthermore, based on some general thermodynamic extremum
principles, we have discussed electron correlation eﬀects on the
stability of the studied clusters.
On the other hand, a comparative analysis of the obtained
theoretical results indicates that the accuracy of both the DFT/
PBE and CCSD(T) calculations for the present clusters is of the
order of 101 eV.
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